Abstract-Location information in the application of underwater wireless sensor networks (UWSNs) plays a very important role. According to the features of underwater sensor networks, the ranging technology based on Round-trip Time of Flight (RTOF) without time synchronization was adopted to calculate the distance between the nodes. An improved PSO (Particle Swarm Optimization) method was adopted to locate the nodes in three dimensional space directly. The localization error of this method had been compared with USP method and the standard PSO method under the circumstance of different distance-measuring error and different numbers of beacon nodes and unknown nodes respectively. The simulation result indicates that the proposed method can effectively achieve better localization accuracy with less beacon nodes and faster convergence.
I. INTRODUCTION
Nowadays marine rights and interests get much more attention in each country. With the developing of terrestrial WSNs technology, the underwater WSNs gradually become a new research focus, and it provides a powerful technical support to the research of many fields, such as ocean environment monitoring and protection, submarine resource exploration, natural disaster warning and military defense [1] . The underwater WSNs have some characteristics just as the terrestrial WSNs, including a large number of nodes and limited energies. However it also has its own features. Its communication between the nodes can only be realized by acoustic signals, which has a bigger propagation delay, lower bandwidth and higher error rate. The positions and moving directions of nodes will frequently change and its application environment is three-dimensional. What's more, the high cost makes the nodes sparse for their deployment, and there are less beacon nodes for localization [2] .
The underwater WSNs is mainly used to monitor the underwater regional marine characteristics (such as salinity, temperature, pressure, PH value, water velocity of flow, etc), but the data will not make any sense if we don't know the position of the nodes collecting the data. In marine underwater environment, the propagation characteristic of acoustic signal and the nodes mobility make more limitations to the localization method: The dispersion of acoustic channel makes the ranging influenced by dense multipath. Under the influence of stratification, acoustic signal does not propagate along a straight line. Because the bandwidth of acoustic signal is very small, the protocol which relies on the intensive packet exchange could not be realized. The movement of nodes makes the topology of network dynamic [3] . So it is particularly necessary to find a suitable node localization method to meet the requirement of underwater threedimensional environment.
In the ranging-based localization method, we must consider how to get the distance between different nodes. Now we usually use methods based on received signal strength indicator, time difference of arrival, time of arrival and angle of arrival to detect the distances [4] . But, considering the limitation to size, price, power consumption of sensor nodes and limitation of propagation media of RF signal, these methods cannot be applied in the underwater WSNs.
Inspired by the land GPS system, some researchers similarly put forward the GIB (GPS Intelligent Buoy) and PARADIGM system. The GIB System uses a centralized server to calculate the position information for each node, and the PARADIGM system calculates position on the autonomous underwater vehicle [5] . The ALPS method requires the beacon node must be able to provide multiple power levels, and it distinguishes different two-dimensional underwater area according to the beacon node coverage of different power level. Obviously, it provides two-dimensional localization and the precision is not enough. In Silent positioning scheme [6] , each sensor node passively receives the information from beacon node to calculate its own position. This method requires each beacon node cover the whole area and needs to deploy beacon nodes on the bottom of sea, which are difficult to be guaranteed.
The USP method put forward by Amin Y et al is widely used [7] . We can use projection to simplify the threedimensional localization into a two-dimensional localization. To calculate the position of the unknown node X, we must get at least three coordinates of beacon nodes within the communication scope of X, and the three beacon nodes must *This work was supported by National Nature Science Foundation of not be coplanar with X at the same time. Then we can map the three beacon nodes to the plane containing X. According to the distance between the beacon node and X and using the least square method, we can calculate the position of X in the projection plane, and combining with the depth information, finally we can get the position in three-dimensional space. The schematic diagram is shown in Fig.1 . The calculation of USP method is fast and the system needs smaller calculation spending. But the localization result is seriously influenced by measurement error. In order to decrease the influence of the error on the localization precision, we put forward a kind of localization method based on the Round-trip Time of Flight (RTOF) method and an improved Particle Swarm Optimization (PSO) algorithm in this paper. The specific method is to measure the distance with RTOF and then locate the unknown node in three-dimensional space with the improved PSO algorithm. The simulation results prove that this method has obvious advantages compared to the USP method and the standard PSO algorithm, and it can improve the precision with less beacon nodes.
II. METHOD OF THE RTOF

A. Introduction of RTOF
In the case of the transmitter and receiver have different clocks or they cannot realize precise time synchronization, we can estimate the distance by calculating the round-trip time of flight and deducting the handling delay [8] . The schematic diagram is shown in Fig.2 . The distance d between nodes can be calculated in (1).
In (1) T T − are respectively calculated in the clock field of transmitter and receiver, so they do not need time synchronization each other. This method can be completed by just one kind of signal and the clocks of transmitter and receiver do not need to be synchronized, so we use RTOF to measure the distance in this paper and we choose the acoustic signal which is suitable for underwater communication.
B. The Error Analysis of RTOF
In the actual measurement, 1 T and 3 T are the time to transmit the signal for receiver and transmitter. The errors are so small that they can be ignored. While 2 T and 4 T are the time after propagation, there is interference in the actual environment, so the transmitting time will be longer than the theoretical one. 2 
T and 4
T will be later than the time of signal arriving theoretically. If we use them to calculate the distance in (1), the result will be not accurate, and they will be bigger than the real values.
The precision of ranging based on signal propagation time is determined by the measuring precision of time difference, which is determined by the reference clock. It is a big challenge to obtain a high precision clock for the UWSNs with low cost, bandwidth and complexity. The clock accuracy does not need to be too high when we measure the distance using signal with a lower velocity like acoustic wave. If the clock accuracy is 1ms, the ranging precision could be 30cm, but it will bring an error of 300 km when using radio frequency signal. So the error of RTOF is acceptable to the acoustic communication.
III. LOCALIZATION BASED ON IMPROVED PSO
Due to the limitations of the ranging technology, various algorithms can be used to reduce the influence of the ranging error on localization [9] . The method based on improved PSO algorithm proposed in this paper can effectively reduce the influence of the ranging error on localization accuracy.
PSO algorithm is a kind of intelligent algorithm with adaptive optimization based on population search strategy. It is proposed by Kennedy and Eberhart inspired by the process of foraging and migration in birds and fish [10] . A suitable fitness function in PSO algorithm needs to be constructed. We usually use fitness to evaluate a particle's performance in the swarm, which is a function related to the position of particle. After calculating the fitness of each particle, we can determine their individual extremum ) , (
, which is the minimum value of a certain particle's fitness. And then determine the global extremum ) , (
is the minimum fitness of all particles.
A. The Improvement of PSO Method
In order to avoid the particles trapped in local extremum and ensure the algorithm has a faster convergence speed, we mainly use inertia weight and competition mechanism to improve the standard PSO algorithm. The convergence speed of PSO is lower in later period, and the accuracy of the result is not ideal. Shi and Eberhart put forward a concept named inertia weight, and they also proposed the linearly decreasing weight [11] , which mainly changes the updating of velocity as follows: ) ( ) ( w =0.4, the performance of the algorithm is obviously improved, it has a faster convergence speed and a higher accuracy compared to the standard PSO.
We select a gaussian decreasing inertia weight [12] . A lot of simulation experiments show that this algorithm is greatly improved in the search ability, convergence speed and the execution efficiency. And it shows a good performance in two-dimensional node localization. The expression of this inertia weight is as (4 Where, k is a constant and simulation results show that the best value of k is 0.2 [13] .
In order to further improve the efficiency of PSO and avoid particles trapped in local extremum, we add a competition mechanism. After iteration, the particles with a worse performance will be eliminated to ensure the ones with a better performance can enter the next iteration [14] . In this paper, we use the following method to deal with the iterations of particles:
Assuming that fitness of each particle in the Then eliminate the particles whose fitness is bigger than 2 t avg f . The specific operation is to sort the particles according to their fitness, if the number of particles whose fitness is bigger than 2 t avg f is m , replace them with the first particles and then begin the next iteration.
B. The Construction of Fitness Function
In UWSNs, the essence of nodes localization is to decrease the difference between the calculated and real position of the unknown nodes using some algorithms [15] . In the rangingbased method, the operation is to decrease the error of distance from unknown nodes to beacon nodes the. According to that principle, the fitness function is constructed as follows.
Assuming that the number of beacon nodes in underwater three-dimensional environment is N and the number of unknown nodes is M, the coordinates of beacon nodes are 2……N) . Distance from an unknown node to the beacon nodes is i l ( i =1,2……N) . Because of the limitation of ranging method and communication noise, the distance always has some difference with the real value. This difference can be denoted as i ERROR ( i =1,2……N). We can get the error by the formula as follows.
Suppose that there are H beacon nodes in the communication scope of a certain unknown node. We take the average error as the fitness function.
C. The Process of Localizations
We can use the method above to fulfill the localization as following steps.
Step 1: Initialize the population. In a D-dimensional searching space, the t generation of a particle i has a position ) , (
The particles' number is Pnum , and then calculate the fitness of each particle in (6) . Select the minimum fitness as the global extremum 0 g P , and the other particles' individual extremum is 0 i P .
Step 2: Calculate the inertia weight in (3) and update the position and velocity in (7) and (8) Step 5: Calculate the global optimal solution, and get the coordinates of the unknown nodes.
The process can be shown as Fig.3 . 
IV. SIMULATIONS AND ANALYSIS
A. Parameters setting and simulation results
The setting of simulation environment and related parameters is shown in We select the average localization error as the evaluation standard of the performance of localization method in this paper [16] . The average error is calculated as (9) . Using the localization error of each unknown nodes, the average localization error rror E of this algorithm can be calculated: 7.4%. This is relatively ideal to the UWSNs.
B. Relationship of ranging error to localization accuracy
Keeping the parameters setting unchanged, we change the average ranging error to be 5%, 10%, 15%, 20%, 25% and 30% respectively. We can calculate the localization accuracy by USP, standard PSO and the improved PSO method respectively, and analyze their relationship with the ranging error changing. The result is shown as Fig.6 . According to the analysis in front part of the this paper, ranging error is a main cause of the localization error. Fig.6 shows that the average localization error of the three methods will gradually increase with the increasing of ranging error. However the improved PSO algorithm has the smallest error and the effect for its localization error by ranging error is not as serious as the other two methods.
C. Relationship of beacon nodes' number to localization accuracy
Remaining the parameters setting, we change the numbers of beacon nodes to be 5, 10, 15, 20, 25 and 30 respectively. We can calculate the localization accuracy of the USP, standard PSO and improved PSO method, and analyze their relationship with the numbers of beacon nodes. The comparison result is shown as Fig.7 . The cost of beacon nodes is relatively higher than common nodes, so we try best to locate unknown nodes as many as we can with less beacon nodes. Fig.7 shows that localization errors of the three methods gradually decrease with the increasing of beacon nodes' numbers. The improved PSO has a most smooth decrease, which indicates that it depends on the number of beacon nodes least and has a faster convergence speed. When the number changes from 5 to 10, the error of USP has a fast decrease, the reason is that we must get at least three coordinates of beacon nodes within an unknown node's communication scope, and the three beacon nodes mist not be in a same plane. If there are only 5 beacon nodes in the space, some nodes cannot be located, so the error will be very large. We can also see that when the numbers of beacon nodes reach a certain amount, the error will not decrease obviously. So selecting a proper number of beacon nodes is necessary. Otherwise, excessive amount of beacon nodes will produce the waste of resource and increase the cost of network.
D. Relationship of Unknown Nodes' Number to Localization Accuracy
Remaining the parameters setting, we change the numbers of unknown nodes to be 50, 100, 150, 200, 250 and 300 respectively. We can calculate the localization accuracy of the USP, standard PSO and improved PSO method respectively, and analyze their relationships with the numbers of unknown nodes. The comparison result is shown as Fig.8 . The number of unknown nodes is an important factor in WSNs. In fact, it implies the state of connectivity of the network. Fig.8 shows that as the numbers of unknown nodes increasing, the accuracy of these three methods can all be improved and gradually become to level off. At the same time, we can see that the improved PSO is the least influenced by the numbers of unknown nodes, which indicates that the proposed method still can get a better localization result even if the network connectivity is not better. It means it has insensitivity to the number of unknown nodes to some extent. In UWSNs, this characteristic could be a useful advantage, because in the marine environment, the sensors will usually be sparsely distributed in the monitoring area. For localization in the network, the number of unknown nodes in the measured area will be fewer. In this case, the improved PSO method will reflect its practicability and efficiency. From Fig.8 , with the number of unknown nodes increasing, its influence to the accuracy of localization will be weaker and weaker. It means properly increasing the number of unknown nodes will help to improve the accuracy of localization, and excessive increasing will get less effect to localization accuracy.
E. Comparison of the efficiency of algorithm
Remaining the parameters setting, we compare the change of minimum of fitness value with the numbers of iteration increasing for the standard PSO and the improved PSO respectively. The comparison result is shown as Fig.9 . In Fig.9 , we can see that the fitness minimum of standard PSO decrease slowly, and when the iteration times reach 100 around, it still has some decrease. However the improved PSO has a faster convergence speed. When the iteration times reach 50 around, the fitness minimum will not decrease anymore. It indicates that we can reduce the iteration times by using the improved PSO, which can save the system cost and energy consumption, and obtains a high implementation efficient.
In fact, compared to the USP method, the system cost and energy consumption for the proposed method are absolutely much more. It is the common disadvantage for intelligent algorithms. But as the data processing ability and energy of sensor nodes improved, especially the requirement for localization accuracy becoming higher and higher, it is a desirable and valuable method to improve the accuracy by increasing some system cost and energy consumption.
V. CONCLUSION
In this paper, we put forward a ranging-based localization method for UWSNs. Using RTOF, we realize the ranging without time synchronization. On the base of study on PSO algorithm, we improve it by inertia weight and competition mechanism, and use the improved PSO in the localization of sensor nodes. Comparing the localization results of USP, standard PSO and improved PSO method, we can conclude that the improved PSO algorithm can improve the accuracy and computing speed of localization method, in addition, it needs less beacon nodes. This method is suitable for nodes localization in underwater and three-dimensional environment. It has a wide application prospect for other localization occasion.
